Introduction
Multiple controversies surround the clinical significance of interictal epileptiform activity (IEA) in the EEG. The identification of epileptiform activity has been generally accepted as a useful, though imperfect tool in identifying zones of electrical irritability and possible seizure onset in cerebral cortex. Whether IEA is simply a useful marker for identifying abnormally irritable cortex or whether ongoing spike activity itself also causes some type of disruption in brain function has become the focus of debate. [1] [2] [3] Those who hold the view that ongoing spike activity causes harm and that its potential reduction or eradication may confer a benefit to the patient have proposed various interventions (usually pharmacologic) to reduce spike activity with the hope of improving cognitive function. There is an additional question regarding the relationship between spike frequency and the epileptogenicity of a specific focus: does a focus that spikes more frequently have a stronger tendency to give rise to a seizure compared to a ''quieter'' focus? Thus, there are many reasons that have lead clinicians and researchers to count spikes in the EEG.
In order to study these questions related to spike frequency in a meaningful way, it is important to have an idea of the natural behavior of spike counts in the EEG. Before studying the impact of various maneuvers (e.g., drug therapies) on spike counts or investigating the relationship of spike counts to epileptogenicity, it is important to understand the stability of spike frequency in the absence of intervention (in its ''natural state''), though little is known about this subject. For clinicians who already obtain spike counts while managing certain patients with epilepsy the question of natural variation in spike frequency is important. Is it enough to make a single measurement of spike counts to get a good assessment of a spike locus's inherent frequency or does the count vary widely from day to day? If the natural variation in spike Purpose: Little is known about the stability of serial measures of spike counts in children or whether spike counts are an inherently stable or unstable measure. We investigated the variation in first-and second-night spike counts in children undergoing 48-h ambulatory EEG recording. Methods: We analyzed 40 consecutive 48-h ambulatory EEGs performed at Boston Children's Hospital that manifested spikes but no seizures. Distinct spike foci in the same child were counted separately. We visually counted all spikes in the first 20 min after the first sleep spindle during nighttime sleep, comparing the first and second nights. Results: Fifty-five unique spike foci were counted in 40 children (age range: 9 months to 19 years; median: 8.4 years). Considerable variation was seen when comparing Night 1 and Night 2 spike counts: for all foci, Night 1 mean and median spike counts were 304.5 and 126 and Night 2 counts were 309.5 and 148, respectively. For each focus, the mean change in spike frequency between Night 1 and Night 2 was 42.1% (median = 28.3%, IQR 19.0-50.0%). The coefficient of variation of 0.94 suggested a large amount of variation. The percentage change weighted according to high or low spike frequency was 25.1%. Conclusion: In 40 children with 55 unique spike foci, significant variability in spike frequency was seen between consecutive nights of sleep, suggesting significant natural variation in spike frequency. A quarter of spike foci varied by 50% or more. Spike counts separated by longer intervals may show even more dramatic natural variation.
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counts from day to day is small, then moderate or large changes in observed spike counts after introduction of a medication are more likely to be related to the introduction of that drug. If natural daily variation is high, then it becomes more important to make multiple observations on different days in order to describe the spike frequency in an individual patient. Because little is known regarding the natural day-to-day variation in spike counts in the absence of intervention, we set out to quantify the extent of natural variation in spike counts during sleep between Night 1 and Night 2 in ambulatory EEGs (aEEGs) recorded in children on two consecutive nights.
Methods
We retrospectively analyzed consecutive 48-h aEEGs performed at Children's Hospital Boston between August 2009 and June 2010. We excluded aEEGs with (1) no spikes on Night 1 of the recording, (2) recordings with electrographic or electroclinical seizures, (3) excessive artifact or other technical problems that precluded accurate spike counting, (4) AED adjustments during the recording period, (5) the absence of distinct sleep spindles during sleep, and (6) more than three independent spike foci. In studies with more than one independent spike focus, each independent spike focus was counted and reported separately. Recordings were made using the standard international 10-20 system electrode set.
In order to eliminate the impact of wakefulness, drowsiness or depth of sleep on spike frequency, spikes were counted during sleep. Spikes were visually counted for each night for 20 consecutive minutes starting from the occurrence of the first sleep spindle after onset of night-time sleep. If an arousal occurred in the first 20 min, the count was obtained for the first contiguous 20-min period of sleep (beginning with a sleep spindle). Spike counts for Night 1 and Night 2 from the same aEEG were always performed sequentially by the same reader (AH or AP). All spike counts are reported ''per 20-min interval.''
Statistics
Statistical analyses were done on the absolute value of the percentage change from Night 1. The coefficient of variation (CV) of the differences, a measure of the dispersion of a distribution (in this case a measure of the variability in spike counts, or the unpredictability of the spike count on Night 2 based on the spike count observed on Night 1), is calculated by dividing the standard deviation of the distribution of the percentage differences by its mean.
Weighted analysis
In order to avoid the bias of foci with lower spike counts of generating higher apparent percentage changes between Night 1 and Night 2 because of low numbers, we repeated the statistical analysis by weighting the percentage change of each focus according to the absolute number of spikes occurring at that focus, weighting each percentage change according to the number of spikes counted on Night 1 for that focus divided by the total number of spikes counted for Night 1 among all 55 foci. In this way, a focus with a 33% decrease in spike count from 600 to 400 would have 100 times more impact on the weighted mean percentage change compared to a focus whose spike count decreased from 6 to 4.
Results
Forty consecutive ambulatory EEGs that passed exclusion criteria from 40 patients were analyzed, totaling 55 unique spike foci (34 studies with a single spike focus, six with two independent foci, and three with three foci). The age range of the patients was 9 months to 19.9 years (median age: 8.4 years). All of the patients had focal epilepsy except for one each with ultimate diagnoses of syncope, night terrors, acute disseminated encephalomyelitis (ADEM) and motor tics. In the majority of cases, the referring physician obtained the recording either to ascertain whether a given behavior was an epileptic seizure, or to assess the patient for unrecognized seizure activity. Of the patients with epilepsy, four had benign rolandic epilepsy and one had the Landau-Kleffner syndrome. Twenty-nine of the 40 patients were on antiepileptic drug treatment at the time of the recordings. The counted spikes arose from all brain regions without a particular predilection for one area.
Considerable variation in absolute spike counts was seen among the 40 patients (range: 0-1440 spikes per 20-min interval). For all 110 observations (55 from Night 1 and 55 from Night 2) the mean spike count was 307 (S.D. = 33.7) per 20-min period and the median spike count was 137. Mean and median spike counts for Night 1 (304.5 and 126) and Night 2 (309.5 and 148), respectively, were comparable (p = 0.77, paired t-test, two-tailed). This implied that there was no appreciable ''first-'' or ''second-night effect'' (i.e., no systematic upward or downward trend from Night 1 to Night 2).
For each focus, the mean change of spike frequency between Night 1 and Night 2 was 42.1% (S.D. = 39.6). The median change was 28.3%, the range was 0.0-172.5%, and the interquartile range was 19.0-50.0% (see Fig. 1 ). The coefficient of variation of the differences between Night 1 and Night 2 was 0.94, suggesting a large amount of variation.
Among the 55 spike foci there was a wide variation in absolute spike frequency. For instance, 12 foci had fewer than 10 spikes counted on Night 1. In order to avoid the problem of higher apparent percentage changes in spike foci with low spike counts, we repeated the analysis using a weighting scheme based on absolute spike counts (as described in Section 2.1 above). As expected, the weighted mean percentage change of spike counts was lower than the unweighted mean at 25.1% (S.D. = 11.08). The weighted CV of the differences was 0.47.
Discussion
In children undergoing ambulatory EEG monitoring, spike counts obtained for consecutive nights' sleep were relatively unstable, showing an average 42.1% difference from night to night. Half of all foci had a percentage change in spike count over 28.3% and a quarter of all foci varied by 50% or more. When each percentage change was weighted according to spike frequency in order to reduce the impact of large percentage changes related to low spike counts, a weighted mean percentage change of 25.1% was still calculated. Some of the changes we observed in individual patients were relatively large, and in a few the changes were greater than an order of magnitude. We are not aware of others who have described the natural stability of spike frequency in children in the absence of intervention. Sanchez-Fernandez et al. studied the evolution of spike percentage and spike-wave index in children with continuous spike-wave during slow wave sleep and electrical status epilepticus of sleep but over a period of years, seeking to describe the natural history of those disorders over long periods rather than the stability of those indices in the short term. 4 Sundaram et al.
found that spikes were most likely to be present on the EEG within 48 h of a seizure but intrapatient changes in spike frequencies were not reported. 5 Lower pre-operative spike frequency has been found to be a positive prognostic factor for success after temporal lobectomy. 6 Many past studies that have examined spike frequency have analyzed correlations between spike counts and cognitive function, 3, [7] [8] [9] [10] including in benign rolandic epilepsy 11, 12 but none specifically studied the stability or reproducibility of spike counts with serial observations in the short term. Other past studies have often concentrated on assessing the impact of specific AEDs on spike frequency. Others have studied spike frequency as a function of sleep state, but did not specifically study stability of spike counts in the same patient in the same state.
20,21
Although they did not specifically study the question of reproducibility of serial measurements of spike frequency as we did, Camfield et al. asked a philosophically similar question: how often were the findings of a first and second EEG obtained 6 months or less apart in children with newly diagnosed epilepsy concordant? They found rates of discordance between 40% and 70% for type of abnormality (e.g., focal versus generalized findings) and concluded that ''The interictal EEG in childhood epilepsy appears to be an unstable test.'' 22 We measured changes in spike frequency over an interval of approximately 24 h. It is interesting to speculate how the counts might vary with longer inter-observation intervals in the absence of other intervention. The possibility that spike counts could vary even more if measured a week apart, or even months apart, seems likely but needs to be explored in future studies, as it is conceivable that high or low spike counts could cluster in an individual patient over certain periods just as seizures are known to cluster during certain time periods in some patients.
Limitations of our study design suggest possible aims for future studies. We combined the results of children with a wide variety of epilepsy subtypes in our analysis. Our study does not tell us whether spike stability differs between epilepsy subtypes (e.g., focal cortical dysplasia versus benign rolandic epilepsy) as numbers in each diagnostic subgroup were not high enough to make these distinctions. Our study also did not analyze spike frequencies during wakefulness -some may argue that daytime spikes may have a greater cognitive impact than spikes occurring during sleep, implying another area for future study. Finally, some portion of the observed variation is likely related to the inherent variation in any measurement technique (as opposed to true patient variation), though we believe that visual spike counting by the same observer has helped to minimize this effect.
Conclusions
The natural variation in nocturnal spike counts in children is considerable, with over half of subjects having an absolute percentage change in spike counts greater than 28%. The fact that such large variations in spike counts are seen from night to night suggests that changes of this magnitude when an intervention has been attempted should be interpreted with caution, as they may be due to natural variation. On the other hand, extremely large changes in spike frequency, such as those greater than an order of magnitude, are uncommon on consecutive nights.
